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A method for identifying the parity of unconventional superconductors based on tunneling 
spectroscopy is proposed. For a model of calculation, we adopt a ferromagnet/superconductor 
(F/S) junction, the tunneling current of which is spin polarized. The tunneling conductance 
spectra are shown to be quite sensitive to the direction of the magnetization axis in the ferro- 
magnet only when the superconductor has odd parity. Therefore, it is possible to distinguish 
the parity of the superconductor by performing tunneling spectroscopy in F/S junctions. 
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The discovery of superconductivity in Si^RuGjjj'fj 
aroused our interest in triplet pairing states in metals. To 
date, the spin triplet pairing states have.-been proposed 
to be realized in UPt 3 JfP (TMTSF^PfJJ and UGe 2 § 
In triplet superconductors, Cooper pairs have a rich in- 
ternal degree of freedom as compared to those in singlet 
ones. One of the important quantities for identifying 
the basic properties of triplet superconductors is the d- 
vector, which characterizes the odd parity of a Cooper 
pair. It is an interesting problem to develop a novel 
method for distinguishing the parity of the supercon- 
ductors based on the dependence of the direction of the 
d-vector in tunneling spectroscopy. 

The tunneling effect in normal metal / insulator 
/ unconventional superconductor (N/I/S) junctions 
markedly reflects the symmetry of the pair potential of 
unconventional superconductors. In particular, the sign 
change in the pair potential induces a significant effect, 
i.e., a zero-bias conductance peak (ZBCRllrL. tunneling 
experiments of high-T^ superconductors.BQ'EP Using a 
tunneling conductance formula in normal metal / insu- 
lator / unconventional singlet superconductor junctions, 
the origin of the ZBCP is explained in terms of the for- 
mation of the zero-energy Andreev hniind. slates (ZES) 
at the interface of a superconductor .BEjIIIB Applying 
this formula to triplet, superconductor junctions, ZBCPs 
are also obtainedMoEj'ES Since the ZBCP is a univer- 
sal phenomena expected to exist for unconventional su- 
perconductors with the sign change in the pair potential 
on the Fermi surface regardless of the parity, we cannot 
distinguish the parity of the superconductor using only 
tunneling spectroscopy in the N/I/S junctions. The tun- 
neling effect in ferromagnet / insulator / supcrcanductar 
junctions (F/I/S) has also been studiedHBBHEl' 
Since the retro-reflectivity of the Andreev reflectionEJ is 
broken due to the exchange potential in the ferromagnet, 
the height of ZBCP is suppressed when the supercon- 



ductor is singlet. With regard to triplet superconductor 
junctions, the situation becomes much more complex. 
It is revealed that whether the magnitude of ZBCP is 
suppressed or not strongly depends on the direction of 
the d- vector. However, there is no systematic study to 
clarify the influence of the ferromagnet on the tunneling 
conductance in triplet superconductor junctions at this 
stage. To more clearly reveal the difference between sin- 
glet superconductors and triplet ones through tunneling 
conductance in F/I/S junctions, we must propose a new 
idea. 

In this study, we calculate the tunneling conductance 
for ferromagnet / insulator / superconductor (F/I/S) 
junctions with arbitrary direction of the magnetization 
axis. It is clarified that the tunneling conductance for 
triplet superconductors depends on the angle between 
the magnetization axis and the e?-vector, while that for 
singlet ones does not because the total spin angular 
momentum of the Cooper pair is zero. Through the 
change in the tunneling conductance as a function of 
the direction of the magnetization axis, we can identify 
much more detailed features of a triplet superconducting 
Cooper pair. With this idea, we can clarified detailed 
features of the pair potential of S^RuGi. 

We assume a two-dimensional F/I/S junction with 
semi-infinite double-layered structures in the clean limit. 
A fiat interface is perpendicular to the ir-axis and is lo- 
cated at x = 0. The insulator is modeled as a delta- 
functional form V(x) = H5(x), where H and S(x) are 
the height of the barrier potential and 5 function, re- 
spectively. The Fermi energy Ep and the effective mass 
m are assumed to be equal in both the ferromagnet and 
the superconductor. As a model of the ferromagnet, 
we apply the Stoner model using the exchange poten- 
tial U. The magnitude of momentum in the ferromag- 
net for the majority (f ) or minority (J) spin is denoted 
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by fc|Q = yj^(E± U). The wave functions *(r) are 
obtained by solving the Bogoliubov-de Gennes (I 
equation applying the quasi-classical approximatior 
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where E is the energy of the quasiparticle, H (r) = TiqI — 
U(r)-a(r), fc = -^V 2 +y(o;)-^, U(r) - (76(-x)n, 
1 and a are the 2x2 identity matrix and Pauli matrix, 
respectively. The quantity 9s denotes the direction of 
the motion of quasiparticles in the superconductor. The 
quantity n is the direction of the magnetization axis, 
and Q(x) is the Heaviside step function. The indices 
t, | denote the up and down spin in the superconductor, 
respectively. The configuration of the magnetization axis 
of the ferromagnet and the c-axis of the superconductor 
is expressed by a polar coordinate (9m,<Pm) ( see Fig. 1.), 
where we assume that the quantization axis of the triplet 
superconductor is parallel to the c-axis. The effective 
pair potential A(9g,x) = A(9s)@(x) is given by 
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It is comprehensive to rewrite the pair potential in the 
coordinate of spin space in the ferromagnet, Af s , (9s) = 
U* A ss i (9s)U, where the unitary operator U is given by 
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Here, the spin indices s, s' = T , j correspond to the ma- 
jority and minority spin in the ferromagnet, respectively, 
and s, s' =T?4- In general, we should consider the fol- 
lowing four kinds of reflection processes with arbitrary 
H and 9m I0r an electron with majority spin injection: 

i) Andreev reflection of majority spin (ot?) 

ii) Andreev reflection of minority spin (a^j) 

iii) normal reflection of majority spin (&7t) and 

iv) normal reflection of minority spin (b^j). 

Similar reflection processes also exist for minority-spin 
injection. Here, ass' and bss' are reflection coefficients of 
the Andreev and normal reflections, respectively. The 
wave function of the quasiparticle for majority- and 
minority-spin injections is denoted by the coefficients a ss r 
and b ss > for x < 0. The coefficients a ss r and b ss > arc deter- 
mined by solving the BdG equation with quasi-classical 
approximation under the boundary condition. The nor- 
malized .tunneling conductance for zero temperature is 
given bycS 
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with Zg s = Z/cos9s, Z = 2mH/K 2 kF and J^q — 
y/l ± X cos 2 9s- Here, we define the polarization param- 
eter X = U/Ep. The quantity <^s]{\) ' IS the tunneling 
conductance for electron injection with a majority (mi- 
nority) spin in the superconducting state, and Ojvf(J) 
denotes that in the normal state. For \9s\ > 9c = 
cos -1 V~X, the reflected wave function with a minority 
spin for majority-spin injection cannot exist as a propa- 
gating wave. Therefore, these reflection processes do not 
contribute to the tunneling conductance. In the above 
equation, 9m dependence of the tunneling conductance 
appears only through pair potentials. In general, for sin- 
glet superconductors, since Af s , (9s) = A ss i(9s) is satis- 
fied for any 9m, ess are independent of 9m- Thus, the 
9m dependence of tunneling conductance never occurs. 

As the prototype of triplet superconductors, we con- 
sider one of the unitary pairing states presented in 
Sr 2 Ru0 4 given by A n (9 s )= A U (9 S )= A e Ws and 
Aff(0s)= An(9s)— 0, where the d-vector is along a c- 
axis. A F (9s) in the unitary case is given by 
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In particular, for 9m — or it(9m = tt/2), the. relation 
a ss = b St - s = (a S) _r s = b s ,- s = 0) holds .BE 1 ) The 
voltage dependence of ctt(sV) is plotted for Z = with 
X = 0.999 (see Fig. 2(a)), where only an injected elec- 
tron with a majority spin can contribute to the tunnel- 
ing conductance in both the superconducting and nor- 
mal states. As a reference, the corresponding quantity 
for X = is plotted in curve d, where ar(eV) = 2 is 
satisfied for < eV < Aq due to the complete Andreev 
reflection. For 9m — or tt, since a reflected hole has 
a minority spin for an electron injection with a majority 
spin, the Andreev reflection does not exist as a propagat- 
ing wave for \9s\ > 9c ~ 7r/100. Consequently, ar(eV) is 
drastically suppressed for < eV < Aq. For 9m = 7r/2, 
since a reflected hole has a majority spin for an electron 
injection with a majority spin, wave function of the An- 
dreev reflected hole is a propagating wave for arbitrary 
9s- Then, the magnitude of ax(eV) does not decrease. 

In Fig. 2(b), 9m dependence of the normalized tun- 
neling conductance <jt(&V = 0) is plotted against vari- 
ous magnitudes of Z with X = 0.9. The magnitude of 
ar(eV = 0) is significantly influenced by 9m- The same 
calculation for the d x 2_ y 2-w&ve superconductor is also 
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plotted in curve d for Z = 1 with X = 0.9 as a typi- 
cal example of a singlet superconductor. The resulting 
crxieV = 0) is independent of 9m, since total spin an- 
gular momentum of the singlet Cooper pair is zero. It 
is a unique property that using the 9m dependence of 
ar{eV = 0), we can distinguish the parity of the super- 
conductor in the F/I/S junction. 

Next, we observe the energy dependence of the (Jt(bV) 
plotted for Z = 10 with X = 0.9 and 0.999 (see Fig. 3). 
The magnitude of cry(eV) for 9m = or it is smaller 
than that for 9m = tt/2, as in the case of Fig. 2(a) (see 
curves a,b and c,d). For all curves, there is a change 
in the curvature at a certain energy eV = Ec- In or- 
der to explain this property, we consider the relation- 
ship between bound states and 9c- When the trans- 
parency of the junction is low, i.e., the magnitude of 
Z is large, axieV) is expressed by the surface density of 
states (SDOS) of the superconductor and the energy lev- 
els of the bound statexrucially determine the low-energy 
properties of SDOSS The energy levels of the bound 
states in the present unitary triplet pair -potential are 
obtained by solving the following equation© 
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and the calculated results are plotted in the inset of Fig. 
3. The bound states exist only for 9s > and not for 
9s < due to the effect of the broken time reversal 
symmetry of the pair potential. Here, we consider the 
contribution of bound states to arieV) in the F/I/S 
junctions in relation to the wave function of the Andreev 
reflected hole and the critical angle 9c for < eV < Aq. 
The magnitude of arieV) is determined based on the 
magnitude of the Andreev reflection coefficient through 
the energy level of the bound state. For 9m = or n, 
when an electron with a majority spin is injected, the 
Andreev reflected hole has a minority spin and its wave 
function becomes a propagating wave for \9g\ < 9c, and 
an evanescent wave for \0g\ > 9c- At the same time, an 
electron injection with a minority spin is prohibited for 
\9s\ > 9c- Therefore, an injected electron with both ma- 
jority and minority spin does not contribute to arieV) 
through the bound state for \9s\ > 9c- Due to the van- 
ishing of the contribution of bound states for \8g\ > 9c, 
the change in the curvature at eV = Ec in arieV) oc- 
curs, where Ec is estimated based on the energy of the 
bound state formed at 9s = 9c (see Fig. 3(b)). The 
magnitude of 9c is reduced for larger X value, and at 
the same time Ec is also reduced. For X — 1, the struc- 
ture vanishes since 9c — and Ec — 0. Next, we look 
at the case in which 9m = tt/2 is satisfied, where an 
injected electron with a majority (minority) spin is re- 
flected as a hole with a majority (minority) spin. When 
an electron with majority spin is injected, the Andreev 
reflected hole has a majority spin and its wave function 
always becomes a propagating wave independent of 9s, 
while injection of an electron with a minority spin is pro- 
hibited for \9g\ > 9c similar to the case in which 9m = 
or 7r. Therefore, only an injected electron with a mi- 
nority spin does not contribute to ot(<zV) through the 



bound state for \9s\ > 9c- Due to the vanishing of the 
contribution of bound states for \9s\ > 9c, the change 
in the curvature at eV = Ec in aT^eV) occurs as in the 
case in which 9m — or n. 

Finally, we discuss the tunneling conductance for the 
non-unitary case presented in Sr2Ru04, i.e., Ajj = 
Aoe* es , otherwise = 0, where the d- vector is parallel to 
the ab- plane of triplet superconductors. In this super- 
conducting state, only an electron injection with an up 
spin feels the pair potential. In the present non-unitary 
case, the pair potential written in the coordinate of spin 
space in the ferromagnet is given by 
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The 9m dependence of ar(eV = 0) is plotted in Fig. 
4 with Z = 5. For 9m = (9m = 71"), since the relation 

a II = a Tl = a lT = ( a Tf = a Tl = °IT = °) holds ' the 
Andreev reflection with only a majority (minority) spin 

exists for an electron injection with a majority (minority) 

spin. Therefore, arieV = 0) for 9m = is larger than 

that for 9m = 7r. It is a significant fact that ax{eV = 0) 

has a different period as a function of 9m as compared to 

that in the unitary pairing. Using these properties, we 

can distinguish the unitary and non-unitary states which 

are presented as a promising symmetry of Sr2Ru04. 

In conclusion, we have studied tunneling conductance 
in F/I/S junctions by changing the angle 9m between 
the direction of the magnetization axis of the ferromag- 
net and the c-axis of the superconductor. The 9m de- 
pendence appears only in the triplet superconducting 
junctions and its dependence is sensitive to the direction 
of the d-vector in triplet superconductors. From these 
properties, tunneling spectroscopy of F/I/S junctions 
for various directions of the magnetization axis becomes 
a powerful method for identifying the parity of the su- 
perconductor. Moreover we can identify detailed profiles 
of the triplet superconducting pair potentials. In the 
present paper, we neglected the spin-orbit coupling in 
triplet superconductors. If the magnitude of spin-orbit 
coupling is not strong, we expect the obtained results 
will not be changed qualitatively. 

In actual experiments, we propose a SrRuOa / 
Sr2Ru04 junction as a promising candidate for a F/I/S 
junction, where SrRuOa is known as a ferromagnet with 
a Curie temperature Tq much higher than the transi- 
tion temperature of Sr2Ru04 (Tc). The direction of the 
magnetization axis of SrRuOs is fixed at Tc < T < Tq, 
and by decreasing the temperature below Tc we can re- 
alize F/I/S junctions with an arbitrary direction of the 
magnetization axis. The response of conductance spec- 
tra discussed in the present paper is easily accessible in 
actual experimental situations. We hope that the present 
theoretical predictions will be validated in future exper- 
iments. 
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Figure Captions 

Fig. 1. Schematic illustration of ferromagnet / super- 
conductor junction. The direction of the magnetization 
axis is denoted by a polar coordinate (0m,4>m)- 

Fig. 2. (a) Energy dependence and (b) 9 m dependence 
of the normalized conductance for unitary symmetry. In 
Fig. 2(a), a: 9 M = 0, b: M = tt/4 and c: 9 M = tt/2 
with Z = 0, X = 0.999, and d: Z = with X = 0. 
In Fig. 2(b), a: Z = 0, b: Z = 1 and c: Z = 5 with 
X = 0.9, eV = 0. d: The d x 2_ y2 state for Z = 1 with 
X = 0.9 in the case of the existence of ZES. 

Fig. 3. Energy dependence of the normalized conduc- 
tance for unitary symmetry, a: 9m — 0, b: 9m = 7r/2 
for X = 0.9, and c: 9 M = 0, d: 9 M = vr/2 for X = 0.999 
with Z = 10. The inset shows a: bound states formed at 
the surface of the triplet superconductor in the unitary 
case, and b: bound states for < 9s < 9c in the fer- 
romagnet / insulator / triplet superconductor junction 
with X = 0.9. 

Fig. 4 9m dependence of the normalized conductance for 
non-unitary symmetry, a: X = 0.7, b: X = 0.9 and c: 
X = 0.999 with Z = 5, eV = 0. 
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